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ABSTRACT 
 
Complex products and increasing domain specialization 
have led to a collaborative design environment in which 
multiple partners are relied upon to successfully realize a 
product. In such an environment there is a need for 
computational frameworks that assist in communicating 
decision making knowledge. In this research a Decision 
Support Ontology (DSO) is developed to facilitate 
decision making within collaborative design. The 
structure of the information model developed reflects 
a priori knowledge of decision making and supports the 
communication of information independent of any 
specific decision method. Accordingly, the DSO includes 
decision-related information such as the design issue, 
alternatives, evaluation, criteria and preferences. It also 
includes decision rationale and assumptions, as well as 
any constraints created by the decision and the decision 
outcome. The DSO is built upon the Web Ontology 
Language (OWL), which facilitates the sharing and 
integration of decision-making information between 
multiple collaborators via the Web and Description Logic. 
Although the information model developed is based on 
engineering design literature, the DSO captures generic 
decision information, and therefore could be adapted to 
be used beyond the engineering design domain.  
 
 
KEYWORDS: decision support, knowledge 
management, ontology, semantic framework.   
 
 
1. INTRODUCTION 
 
Engineering design is becoming increasingly 
collaborative. Companies are continually aiming to 
reduce time-to-market and costs while at the same time 
products are becoming more complex to satisfy the 
evolving needs of the consumer. The complexity of such 
products has grown to the point that a single designer, 
design team, or company may not have sufficient 
expertise to develop the entire product [1, 2]. As a result 
companies must focus on their core in-house competences 
while increasing their reliance on partners, suppliers, and 
other firms for complementary design knowledge to 
design and manufacture high quality products [1].  
 
This shift in product development paradigm has led to the 
collaborative design environment through which 
everyday products are now being realized. In addition, the 
specialization of product development domains has also 
led to a knowledge-intensive development process. 
Designers must be able to access, retrieve and manipulate 
large quantities of knowledge distributed amongst 
multiple partners. Poorly communicated design 
information can lead to designers spending 20% to 30% 
of their time searching for and absorbing information and 
can translate into increased development times and lost 
profits [3-5].  
 
This research focuses on improving the communication of 
design decisions.  Communication is not simply the 
exchange of data. Communication implies not only 
conveying to others ‘what’ was done, but also ‘how’ and 
‘why’ [1]. The need for a computational design 
framework to support communication among distributed 
designers is critical to improving collaborative design. 
Design decision knowledge needs to be structured and 
represented in a manner to improve the capture, retrieval 
and reuse of design knowledge.  
 
Ontology-based knowledge frameworks potentially offer 
these capabilities. We propose a Decision Support 
Ontology (DSO) structured to capture decision-making 
knowledge. An ontology is an explicit specification of a 
conceptualization [6-7]. Ontologies provide a semantic 
based approach to explicitly represent information in a 
computable manner so that information can be 
automatically processed and integrated. A common 
ontology language is the Web Ontology Language 
(OWL) [8]. OWL is a developing information technology 
of the Semantic Web and is based in Description Logic 
(DL). Description logic is a family of knowledge 
representation languages used to formally represent 
knowledge of a domain in a structured manner.  
 
The layout of this paper is as follows: Section 2 discusses 
OWL, related research is presented in Section 3, and 
Section 4 details the proposed DSO.  
 
2. THE WEB ONTOLOGY LANGUAGE 
 
The Semantic Web aims at making all the content on the 
Web “understandable” by computers. Technologies that 
make up the Semantic Web include XML [11], the 
Resource Description Framework (RDF) [12], and OWL. 
XML was the first attempt to make Web information 
computer interpretable by formalizing a structure and 
syntax. Written in XML, RDF is a framework for 
describing entities through relationships. OWL extends 
RDF to add logical expressions. Simple logic expressions 
give computers the ability to infer implicit relationships to 
gain an understanding of Web content. OWL is an object-
oriented representations that consists of classes 
(concepts), properties (relationships), and individuals. 
The concepts and relationships, together with knowledge 
specific mechanisms, form a knowledge base [13].  
 
The development of a domain specific classification 
hierarchy and properties is based on a priori knowledge 
of a domain.  An ontology-based knowledge structure 
should not attempt to completely describe all concepts 
and properties within a given domain but instead focus on 
capturing the essential information. This reduces the 
amount of time spent by designers documenting 
information by guiding the designer to document only 
relevant information. The tradeoff between the amount of 
information documented and time spent documenting is 
always a practical constraint that needs to be considered 
in the development of any knowledge-base.  
 
Some benefits of representing knowledge in OWL 
include the following: 1) OWL is easy to share via the 
Web, 2) OWL is easily extendable [14] , 3) OWL is 
intrinsically set up to evolve with the Semantic Web, 4) 
OWL facilitates the integration of information via DL. 
 
3. RELATED WORK 
 
As engineering design has become distributed there has 
been an increased need for methods to facilitate the 
collaboration of distributed designers. To help capture 
and communicate information beyond geometrical 
information the National Institute of Standards and 
Technology (NIST) has developed, and continues to 
refine, a design repository [1, 15]. Continuing research on 
the design repository focuses largely on developing the 
repository to be Web compatible through the additions of 
Web user interfaces and adoption of XML to exchange 
data [16]. Similarly, researchers at the Missouri 
University for Science and Technology (MUST) have 
also developed a design repository [18-19].  
 
Knowledge bases and design repositories in engineering 
design are evolving towards a distributed design 
environment in which engineers communicate via the 
Web [17]. The next step in knowledge management is to 
use a semantic based approach to facilitate the 
communication of distributed design knowledge. A 
semantic approach that is receiving great attention is 
based on ontological knowledge-bases.  Recent works 
with ontologies in engineering design can be roughly 
divided into three groups: 1) product knowledge support 
[20, 24], 2) design activities [21-23, 25-27], and 
3) knowledge retrieval [3, 28]. A fundamental limitation 
of current design support tools is the primary focus on 
product information and not on the decision process [29]. 
Decisions need to be explicitly documented so that 
rationale is easily understood and the proper reuse of 
design knowledge can be facilitated.  
 
Commercially available software packages that offer 
some decision support include [30-36]. Most of these 
software solutions use wrappers to facilitate the exchange 
of information. Overall, these commercial solutions offer 
significant advancements in the exchange and use of 
model information across various modeling tools that 
otherwise is not possible. However, decision models are 
generally only indirectly supported and information is not 
captured and stored in a structured representation that is 
easily shared. Thus, the retrieval and reuse of design 
decisions is limited. 
 
Mocko et al. [29] have developed a framework for 
representing the knowledge associated with design 
decision models to enable storage, retrieval, and reuse. 
Using ontologies, a formal “base” vocabulary for 
developing models of design decisions and analysis 
models is presented. However, concepts are described at a 
high level requiring significant time and effort to extend 
the base vocabulary to become detailed enough to be 
applied. Overall the research in [29] provides the first 
attempt at documenting, storing, and retrieving 
engineering design decisions using ontologies and 
provides the foundation for the development of a more 
comprehensive decision support framework.  
 
4. DECISION SUPPORT ONTOLOGY 
 
The idea of structuring design information based on the 
decisions made during the design process originates from 
observations studies done by Stauffer and Ullman [37] in 
an effort to understand human information processing 
during design tasks, and from studies by Ullman [38] and 
Chen et al. [39] to develop a computer based design 
history tool. Some significant outcomes of these 
experiments and studies are summarized by Ullman in 
[40]. The current research takes a similar view-point as 
[40] and focuses on the decisions made to address issues. 
 
Key concepts and relationships in the decision support 
ontology (DSO) are presented in Figure 1. The 
Component Model module in Figure 1 references 
information about a component’s function, form, 
behavior, optimization, etc. A framework for capturing 
Component Model information was developed in [41]. 
Capturing Component Model information within the 
framework presented in [41] facilitates the integration of 
distributed information. 
Based on various decision techniques and decision 
making literature, the following basic types of 
information were identified as key decision making 
concepts in engineering design (independent of the 
decision method): design issue, alternatives, criteria, and 
evaluation information [9, 42]. Simply stated a decision is 
made to address a specific design issue. Typically a 
choice must be made between two or more different 
alternatives, each of which provides a solution to the 
issue. These alternatives are evaluated based on a set of 
criteria and the known information for each alternative. 
The preferred alternative is chosen as the alternative that 
satisfies the criteria most closely. The DSO has been 
developed to allow documentation of this generic 
decision information. This section provides details of the 
development of the class structure and properties of the 
DSO that has been derived based on decision making 
literature [9, 21, 42-48].  
Table 1: Information Captured for Each Design Issue 
Property Type Description 
description Data Text description of issue 
has criteria Object Specifies criteria of importance to the 
issue  
has alternatives Object Specifies the alternatives that address 
the issue 
has decision Object Specifies the resulting decision model 
with component Object Specifies the components that this 
issue is directly related to  
with production Object Specifies the production aspect(s) that 
this issue is directly related to 
 
 
 
Figure 1: The Decision Information Communicated Via the DSO (augmented from [9] )
Design Issue 
A design issue is a call for action to resolve some 
question or a problem [9]. The issue may have to do with 
any component of the product or aspect of the production. 
The DSO was created with a class structure to represent 
this. To facilitate the documentation of design issues the 
properties presented in Table 1 were developed. A 
description of the issue should provide a clear, concise 
articulation of the issue. An issue may initiate a design or 
redesign of either a component or some aspect of the 
production. Within the DSO this information is captured 
as each issue is either with component or with production. 
Other properties within the Issue class allow for 
specification of the evaluation criteria, the alternatives to 
consider, and the eventual decision made to resolve the 
issue. 
 
Alternatives 
The DSO documents design alternatives in a manner that 
clearly explains how the alternative solves the defined 
issue. This is achieved through a combination of a written 
description, functions performed, and geometrical form 
models. Since it is likely that the alternatives may be 
performing the same functions, documentation of the 
physical phenomena, or working solution [44], 
distinguishes how each alternative achieves functionality. 
Additionally, the abstraction level of each alternative is 
introduced to specify the design information as 
quantitative, qualitative, or mixed (both quantitative and 
qualitative) [43]. Table 2 details some of the more 
important properties that are used to model each 
alternative. 
 
Criteria 
The evaluation criteria greatly influence the outcome of 
any decision method. Consequently, it is important to 
understand why each criterion is present and how each 
criterion is measured. Each criterion is based on a design 
constraint. Constraints arise from requirements, 
specifications, goals, a designer’s domain knowledge, or 
previously made decisions. The DSO defines a 
relationship between each criterion and a corresponding 
constraint, thus making it transparent why a criterion is 
included. Maintaining the association of each criterion 
with a constraint is important for two reasons: 1) to 
document why and what a criterion is supposed to be 
measuring; and 2) to clarify if all the essential criteria 
were identified and if additional criteria are needed [45]. 
To understand how each criterion is measured a 
preference model is identified for all criteria. Also 
associated with each criterion is an importance scaling 
factor (weight) that provides a relative measure of 
importance of each criterion. Table 3 details some of the 
more important properties that are used to model each 
criterion. 
Table 2: Information Captured for all Alternatives 
Property Type Description 
description Data Text description of alternative 
Image Data Important images of the alternative 
abstraction level Data Information about the alternative is 
either quantitative, qualitative or 
mixed. 
is alternative for Object Specify the decision model that will 
evaluate this alternative. 
has design parameter Object Specify important design parameters to 
consider when evaluating alternative. 
has design summary Object Specify the design summary for this 
alternative. The design summary 
provides links to any functional, form, 
behavior, and optimization models of 
the alternative. 
has working solution Object Identifies the physical phenomena that 
the solution is based upon. This 
information is directly instantiated 
from the functional model. 
Table 3: Information Captured for all Criteria 
Property Type Description 
description Data Text description of criteria 
has preference model Object Specifies the preference model for 
the criterion  
importance weight Data Relative measure of importance. This 
value may change during the design 
process as new information is 
obtained. 
for evaluation Object Specifies the evaluation in which the 
criterion is used for 
has basis Object Relates each criterion to the 
constraint that it is based on.   
 
Criteria can be classified as given or evolved [42]. Given 
criteria are those that are transformed directly from design 
specifications or requirements, which are known at the 
onset of the design. Evolved criteria are developed during 
the design process as new knowledge is gained and 
decisions are made. Given and evolved criteria can be 
classified into the following 
headings [42]:1) Organizational factors: management 
policy, availability of resources and existing products, 
2) Product characteristics: aesthetics, availability of 
standard components and raw materials, complexity, 
interface with other elements and environment, 
mechanical and physical aspects, cost, shape and size, test 
results, 3) Production: production quality, manufacture, 
including assembly and finishing operations, 
4) Transport: transportation, including installation, 
5) Use: functioning, including kinematics, flow and 
precision, environment and ergonomics of use, 
maintenance, legislation, market, operational costs, 
safety, 6) Disposal and Recyclability, 7) Other: personal 
experience and preference. This classification scheme is 
used as the class structure for the Criteria class.  
 
The documentation of constraints plays an important part 
in understanding the criteria. As such, a class structure for 
the documentation of constraints has been developed. The 
classification used is a slightly modified version of 
classification scheme developed by McGinnis and Ullman 
[46]. Constraints can constrain the form, function or 
behavior of the artifact. Form refers to geometrical, 
topological, manufacturing, and tolerance features along 
with any other feature to describe the physical structure of 
the artifact. Function refers to the intended purpose of the 
artifact [44]. Behavior is based upon all physical 
relations, whether intended or not. Form, function, and 
behavior constraints can be of the type: given, introduced, 
or derived. Similar to a given criteria, given constraints 
are those based on design requirements or specifications 
and are known at the beginning of the design. An 
introduced constraint is one which is brought into the 
design from “domain knowledge” sources (e.g., 
designer’s own knowledge, handbooks, etc.) and has not 
been derived from any other constraint [46].  Derived 
constraints result from and can be changed by the 
outcome of design decisions. “The result of a decision is 
always a change or initialization of a derived constraint 
[46].” It was found in [46] that in general during the 
conceptual design phase the majority of constraints are 
given constraints while during detailed design phases the 
majority of constraints are derived constraints. 
Accordingly, given constraints are typically abstract (i.e. 
qualitative) and derived constraints become more 
concrete (i.e. quantitative) as the design proceeds.  
Table 4: Information Captured for Each Preference 
Property Type Description 
consistency Data Specifies if the preference model 
represents a single view point 
(consistent) or multiple view points 
(inconsistent). 
has objective function Object Specifies an objective function  
has objective parameter Object Specifies design parameters that can 
be used to characterize an objective  
has units Object Specify the unit of measure that will 
be used to evaluate the objective 
parameter 
for criterion Object Specifies the criterion that the 
preference model is for 
 
Future decisions are quite often made based on derived 
criteria that have been created based on previous 
decisions. The DSO attempts to trace this type of 
influence by mapping constraints to criteria.  
 
Preference 
The preference model specifies the objective function and 
the desired value of the objective function (e.g. maximize, 
minimize, target). Parameters that can be used to measure 
the extent to which the objective has been achieved are 
also identified. If the preference model represents a single 
viewpoint then the resulting preference model is 
consistent. Otherwise the preference model is 
inconsistent, representing conflicting viewpoints [43]. 
Table 4 presents the properties used to capture preference 
information. 
 
Evaluation 
The evaluation of how well each alternative satisfies the 
criteria must also be documented. This evaluation is 
typically quantified through an objective, utility, or cost 
function based on preferences. The evaluation typically 
provides a measure of preference of one alternative 
relative to others. However, it has been observed that 
decisions may be made through a strongly coupled 
process of generation and evaluation of alternatives one 
by one [46]. Alternatives are evaluated as they are 
generated and are then either modified or a new 
alternative is generated. Regardless, the same information 
is relevant to the evaluation process. 
Table 5: Information Captured for the Evaluation of 
an Alternative 
Property Type Description 
comparison basis Data Specifies if the evaluation of 
alternatives is absolute or relative. 
has argument Object Specifies the arguments related to the 
evaluation 
for issue Object Specifies an instances from the issue 
class  that this evaluation is for 
for alternative Object Specifies the alternative being 
evaluated 
has criteria Object Specifies the set of criteria used to 
evaluate the alternative. The criteria 
used to evaluate the alternative may be 
a sub-set of all the criteria for the 
design. It is important to document the 
criteria that actually influenced the 
evaluation. 
rank Data The rank of the alternative with 
respect to other alternatives 
rating Data The rating of the alternative based on 
a set of criteria 
has confidence level Object Specifies the confidence the 
designer(s) has that the alternative will 
satisfy the criteria being used for 
evaluation  
 
Evaluation may be done quantitatively based on the 
identified desire to maximize, minimize, or achieve an 
optimum value for each objective parameter. 
Alternatively, it can also be done qualitatively based on 
experience and judgment. The evaluation of each 
criterion may be compared absolutely to a target value or 
relatively to other alternatives [9]. The DSO captures all 
these aspects of evaluation. Table 5 presents the 
properties used to capture evaluation information.  
 
The property has argument specifies the argument for or 
against the alternative being evaluated. An argument is 
the rationale for either supporting or opposing a particular 
alternative [9].  Arguments are supported by prior 
knowledge and references to artifact models (e.g. 
function, form, behavior). The class Argument exists 
within the DSO and has two subclasses (Product and 
Production). The properties for an argument are based 
ideas described in [46] and are presented in Table 6.  
Table 6: Information Captured for each Argument 
Property Type Description 
argument Data Evaluation statement that is for or 
against the proposed alternative, pros 
and cons 
assumption Data States any assumptions made that 
influence the argument(s) made 
has agreement level Object Specifies agreement level that an 
individual designer has with the 
argument 
comment Data States any further comments 
Table 7: Information Captured for the Decision Class 
Property Type Description 
has evaluation method Object Specifies the decision method used to 
make the decision 
for issue Object Specifies the issue being addressed 
has evaluation Object Specifies the evaluation information 
used in this decision 
selected alternative Object Specifies the alternative chosen to 
resolve the issue 
decision summary Data Text that provides a brief summary of 
the decision made 
tradeoff considered Object Specifies a tradeoff that was involved 
in this decision. The tradeoff must 
occur between objective parameters 
identified in the preference model  
has evaluation method  Object Specifies the specific evaluation 
method used  
decision outcome Data Qualitative evaluation of how well the 
selected alternative addressed the issue
comment Data States any additional thoughts that the 
decision maker considers relevant and 
important 
 
Decision  
A decision is the agreement to adopt an alternative(s) to 
resolve the issue [9]. In engineering design a decision is 
either related to a product or production of a product. A 
product decision is a decision about the artifact. A 
production decision is a decision about the processes 
involved in the creation and distribution of an artifact 
(e.g. manufacturing, transportation). Within the DSO an 
instance of the class Decision identifies all related 
decision information and hence documents the decision 
that was made.  This includes documenting the decision 
rationale and tradeoffs. The specific evaluation method 
used in making the decision is also captured. As the DSO 
is independent of any specific evaluation method the 
details of the implemented evaluation method is captured 
in a supplementary ontology that extends the DSO. The 
property has evaluation method specifies the evaluation 
method used by creating a relationship between the 
decision and the supplementary ontology. Properties of 
the decision class are presented in Table 7.  
 
The decision support ontology just presented was 
implemented using Protégé Ontology Editor [47]. This 
allowed the classes and properties to be easily created in 
an OWL-DL representation. Figure 2 illustrates the class 
structure developed within Protégé.  
 
5. DISCUSSION 
 
In this research the DSO 
is structured to support 
the documentation of 
information independent 
of the decision method. 
The DSO can be 
extended through a 
supplementary ontology 
to capture information 
specific to a particular 
decision method. Such 
an approach is 
appropriate due to the 
lack of consensus within 
the decision-based 
design community in the 
choice of a decision 
method or in how 
decision-based design 
should be implemented 
[48]. Furthermore, in 
practice a variety of 
different selection and 
evaluation methods may 
be needed during the 
design process to go 
from customer 
requirements to a set of 
manufacturing 
specifications. The DSO 
is adaptable to support as 
many decision methods as needed. 
Figure 2: DSO Class 
Hierarchy 
 
As many decisions, varying in overall importance, are 
made during the design process it is unlikely that all 
decisions can be explicitly documented. The aim of the 
DSO is to document the decisions that most impact the 
design so that the knowledge gained from these previous 
decisions can be reused in future designs. 
 
Currently the DSO is being further developed to include 
such concepts as risk and uncertainty. Also an improved 
method for retrieving and reusing previously captured 
knowledge is being researched.  A preliminary case study 
involving the re-design of a transfer plate for an aircraft 
circuit breaker is underway and is being used to evaluate 
how well decision information can be captured and 
integrated via the DSO.  
 
In summary, the DSO provides a framework for 
communicating decisions and associated information. In 
collaborative design, documenting decisions allows 
partners to communicate the underlying rationale for 
design decisions. Providing an information model for 
capturing decisions in an OWL representation facilitates 
the sharing of design knowledge via the Web. The 
concepts and relationships of the DSO reflect a priori 
knowledge of what information is important when 
making a decision, independent of decision method. 
Providing designers with these predefined information 
fields guides the designer in documenting important 
decision information and avoids spending excessive time 
documenting less valuable information. Although not 
discussed in this paper, ontology reasoning approaches 
using DL and SWRL offer potential improvements in 
information retrieval based on semantics. While the 
classes and properties for the DSO were developed based 
on engineering design literature, due to its generality it is 
reasonable to believe that the usefulness of the DSO 
could extend well beyond the engineering design domain.   
 
ACKNOWLEDGEMENTS 
This material is based on work supported by the National 
Science Foundation under Grant No. 0332508 and by 
industry members of the NSF Center for e-Design.  
 
REFERENCES 
 
[1] Szykman, S., Sriram, R.D., Bochenek, C., Racz, J. (1998) 
The NIST Design Repository Project. London : Advances 
in Soft Computer-Engineering Design and Manufacturing, 
Springer-Verlag. 
[2] Pahng, F., Senin, N., Wallace, D. (1998) Distribution 
modeling and evaluation of product design problems.  
Computer-Aided Design, Vol. 30, pp. 411-423. 
[3] Li, Z., Raskin, V., Ramani, K.  (2007)Developing 
Ontologies for Engineering Information Retrieval. Las 
Vegas, Nevada : ASME IDETC/CIE, DETC2007-34530,  
2007. 
[4] Lowe, A. McMahon, C. Culley, S. (2004). Information 
access, storage and use by engineering Designers - Part 1. 
Engineering Designer , 30, 30-33. 
[5] Boston, O.P., Culley, S.J., McMahon, C.A. (1999). Life-
cycle management of supplier literature: the pertinent 
issues. The journal of product innovation management , 16 
(3), 268-281. 
[6] Gruber, T.R. (1992) Toward Principles for the Design of 
Ontologies Used for Knowledge Sharing. In Int. J. of 
Human-Computer Studies, 1992, Vols. 43, pg 907-928. 
[7] Farquhar, A., Fikes, R., Rice, J. (1996) The Ontolingua 
Server: A Tool for Collaborative Ontology Construction. 
Knowledge Systems, AI Laboratory, 1996. 
[8] World Wide Web Consortium. OWL Web Ontology 
Language Overview. [Online] 2004. 
http://www.w3.org/TR/2004/REC-owl-features-
20040210/#s1.1 
[9] Ullman, D.G.  (2002) The Ideal Engineering Decision 
Support System.  Springer London, March 2002, Vol. 13, 
pp. 55-64. 
[10] Sainter, P., Oldham, K., Larkin, A., Murton, A., Brimble, R.  
(2000) Product Knowledge Management within Knowledge 
Based Engineering Systems. ASME 2000 Design 
Engineering Technical Conference and Computers and 
Information in Engineering Conference, Baltimore. 
[11] World Wide Web Consortium, Extensible Markup 
Language. [Online] http://www.w3.org/TR/REC-xml/. 
[12] World Wide Web Consortium. Resource Description 
Framework (RDF) Concepts and Abstract Syntax. [Online] 
2004. http://www.w3.org/TR/2004/REC-rdf-concepts-
20040210/#section-Concepts 
[13] Fiorentini, X., Rachuri, S., Mahesh, M., Fenves, S., Sriram, 
R.D.  (2008) Description Logic for Product Information 
Models. Brooklyn, New York : 2008 International DETC 
and CIE Conference DETC2008-49348, 2008 
[14] World Wide Web Consortium. OWL Web Ontology 
Language Use Cases and Requirements. [Online] 
http://www.w3.org/TR/webont-req/ 
[15] Szykman, S., Sriram, R.D., Bochenek, C., Racz, J.W., 
Senfaute, J.  (2000) Design repositories: engineering 
design's new knowledge base. Intelligent Systems and 
Their Applications, IEEE, May-June 2000, Vol. 15. pg. 48-
55 
[16] Szykman, S., Sriram, R.D.  (2006) Design and 
Implementation of the Web-Enabled NIST Design 
Repository. 1, February 2006, ACM Transactions on 
Internet Technologies, Vol. 6, pp. 86-116 
[17] Szykman, S., Fenves, S.J., Keirouz, W., Shooter, S.B.  
(2001) A foundation for interoperability in next generation 
product development systems. 2001, Computer-Aided 
Design, Vol. 33, pp. 545-559 
[18] Bohm, M.R., Stone, R.B., Simpson, T.W., Steva, E.D. 
(2006) Introduction of a Data Schema: The Inner Workings 
of a Design Repository. ASME IDETC/CIE 
[19] Bohm, M.R., Vucovich, J.P., Stone, R.B. (2007)  An Open 
Source Application for Archiving Product Design 
Information. ASME International Design Engineering 
Technical Conference and Computers and Information in 
Engineering Conference 
[20] Lee, J., Suh, H.  (2007) OWL-Based Ontology Architecture 
and Representation for Sharing Product Knowledge on a 
Web,. Las Vegas, Nevada, : ASME IDETC/CIE, 
DETC2007-35312, 2007. 
[21] Sim, S.K., Duffy, A.H.B.  (2003)Towards an ontology of 
generic engineering design activities. Research in 
Engineering Design, Vol. 14, pp. 200-223 
[22] Kitamura, Y., Sasajima, M., Washio, N., Takafuji, S., Koji, 
Y., Mizoguchi, R.  (2006) An Ontolgoy-based Annotation 
Framework for Representing the Functionality of 
Engineering Devices. Philadelphia : s.n., 2006. ASME 
IDETC/CIE. 
[23] Towards a Reference ontology for functional knowledge 
interoperability. Kitamura, Y., Takafuji, S., Mizoguchi, R. 
2007. ASME IDETC/CIE 
[24] Nanda, J., Simpson, T.W., Kumara, S.R.T., Shooter, S.B.  
(2006) A Methodology for Product Family Ontology 
Development Using Formal Concept Analysis and Web 
Ontology Language. 2, pg. 103-113,  Journal of Computing 
and Information Science in Engineering, 2006, Vol. 6 
[25] Fernandes, R., Grosse, I., Krishnamurty, S., Wileden, J. 
(2007) Design and Innovative Methodologies in a Semantic 
Framework. ASME IDETC/CIE, DETC2007-35446, 2007. 
[26] Grosse, I.R., Milton-Benoit, J.M., Wileden, J.C.  (2005) 
Ontologies for Supporting Engineering Analysis Models. 
AIEDAM, 19, 1-18, 2005. 
[27] Witherell, P., Krishnamurty, S., Grosse, I. R. (2007) 
Ontologies for Support-ing Engineering Design 
Optimization. J. of Computing and Information Science in 
Engineering, Vol. 7 
[28] Li, Z., Raskin, V., Ramani, K.  (2007) A Methodology of 
Engineering Ontology Deveopment for Information 
retrieval. Paris, France, 2007. International Conference on 
Engineering Design 
[29] Mocko, G.M., Rosen, D.W., Mistree, F.  (2007) Decision 
Retrieval and Storage Enabled Through Description Logic.. 
ASME International Design Engineering Technical 
Conferences and Computers and Information in 
Engineering Conference 
[30] Integration, Phoenix. Design Process Optimization. 
[Online] http://www.phoenix-int.com/. 
[31] iSIGHT. Engineous Software. [Online] 
http://www.engineous.com/iSIGHT.cfm. 
[32] Esteco. modeFRONTIER Version 4. [Online] 
http://www.esteco.com/. 
[33] Townsend, J.C., Samareh, J.A., Weston, R.P., Zorumski, 
W.E. Integration of a CAD System Into an MDO 
Framework. National Aeronautics and Space 
Administration, Langley Research Center. 1998. 
NASA/TM-1998-207672. 
[34] Chen, B., Liu, D., Mahdavi, B., Zhou, Q., Bouhemhem, D., 
Ndiaye, A., Guibault, F., Ozell, B., Pelletier, D., Trkpanier, 
J.  (2001) A Data-Centric Distributed Framework for MDO 
Management. The Sixth International Conference on 
Computer Supported Cooperative Work in Design. pp. 
279-284. 
[35] Ullman, D. Robust Decisions. [Online] 
http://www.robustdecisions.com 
[36] D'Ambrosio, B. Bayesian Methods for Collaborative 
Decision-Making. Robust Decisions. [Online] 
http://www.robustdecisions.com/bayesianmethoddecisions.
pdf 
[37] Stauffer, L.A., Ullman, D.G. ( 1991) Fundamental 
Processes of Mechanical Designers Based on Empirical 
Data. Journal of Engineering Design, Vol. 2, pp. 113-126 
[38] Ullman, D.G.  (1991) Design Histories: Archiving the 
Evolution of Product. Salt Lake City, 1991. Proceedings of 
the DARPA Workshop on Manufactoring 
[39] Chen, A., McGinnis, B., Ullman, D.G. (1990) Design 
History Knowledge Representation and Its Basic 
Implementation. Chicago , 1990. Design Theory and 
Methodology Conference. pp. 175-184 
[40] Ullman, D.G.  (2001) Robust decision-making for 
engineering design. Journal of Engineering Design, Vol. 12, 
pp. 3-13. 
[41] Rockwell, J.A., Witherell, P., Fernandes, R., Grosse, I., 
Krishnamurty, S., Wileden, J.  (2008) Web-Based 
Environment for Documentation and Sharing of 
Engineering Design Knowledge. Brooklyn, New York : 
ASME 2008 International DETC and CIE Conference 
DETC2008-50086, 2008 
[42] Dwarakanath, S., Wallace, K.M. (1995) Decision-making 
in engineering design: Observations from design 
experiments. Journal of Engineering Design, Vol. 6, pp. 
191-207 
[43] Ullman, D.G., D'Ambrosio, B. (1995) A Taxonomy for 
Classifying Engineering Decision Problems and Support 
Systems. Artificial Intelligence for Engineering Design, 
Analysis and Manufacturing , 1995 
[44] Pahl, G., Beitz, W. (1997) Engineering Design: A 
Systematic Approach. Berlin : Springer-Verlag, 
[45] Baker, D., Bridges, D., Hunter, R., Johnson, G., Krupa, J., 
Murphy, J., and Sorenson, K. (2002). Guidebook to 
Decision-Making Methods. Retrieved from Department of 
Energy, USA: 
http://emiweb.inel.gov/Nissmg/Guidebook_2002.pdf 
[46] McGinnis, B.D., Ullman, D.G. (1992) The Evolution of 
Commitments in the Design of a Component. Journal of 
Mechanical Design, Vol. 114. 
[47] Protege. Protege Ontology Editor and Knowledge-base 
Framework. [Online] http://protege.stanford.edu/. 
[48] Wassenaar, H.J., Chen, W.  (2001) An approach to 
decision-based design. Pittsburgh : s.n., 2001. ASME 2001 
DETC and CIE Conference DETC2001/DTM-21683. 
 
